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Wave Reflection Predicts Cardiovascular Events
in Hypertensive Individuals Independent of Blood
Pressure and Other Cardiovascular Risk Factors
An ASCOT (Anglo-Scandinavian Cardiac Outcome Trial) Substudy
Charlotte Manisty, MA, Jamil Mayet, MD, Robyn J. Tapp, PHD, Kim H. Parker, MA, PHD,
Peter Sever, PHD, Neil H. Poulter, MSC, Simon A. McG. Thom, MD, Alun D. Hughes, MBBS, PHD,
on behalf of the ASCOT Investigators
London, United Kingdom
Objectives This study investigated whether wave reflection measured by wave intensity analysis predicts future cardiovascu-
lar events in individuals with hypertension and sought to establish whether this relationship is independent of
other cardiovascular risk factors and is associated with evidence of increased load on the left ventricle.
Background Wave reflection may impose an additional load on the left ventricle, and augmentation index, a surrogate of
wave reflection, has been reported to predict cardiovascular events in some, but not all studies.
Methods Measurements of brachial and carotid blood pressure (BP) measurement, carotid ultrasound, echocardiography,
and blood chemistry analyses were performed on 259 ASCOT (Anglo Scandinavian Cardiac Outcomes Trial) par-
ticipants approximately 1 year after randomization, and wave intensity analysis was used to calculate wave re-
flection index (WRI), the ratio of peak forward to peak backward pressure (Pb/Pf), and carotid augmentation in-
dex (cAIx). All participants were followed up for a median period of 5.9 years, accruing 33 cardiovascular events.
Results WRI, Pb/Pf, and to a lesser extent, cAIx, were correlated. WRI predicted cardiovascular events (hazard ratio:
2.10; 95% confidence interval: 1.10 to 3.99; p  0.02) in an unadjusted model. Multivariate analysis showed
that this association was independent of BP. Pb/Pf and cAIx did not significantly predict cardiovascular events.
WRI was also positively associated with increased left ventricular mass index and elevated B-type natriuretic
peptide adjusted for age and sex, and these associations were independent of BP or other cardiovascular risk
factors.
Conclusions Higher wave reflection predicts future cardiovascular events independent of conventional risk factors in people
with treated hypertension. (J Am Coll Cardiol 2010;56:24–30) © 2010 by the American College of Cardiology
Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2010.03.030g
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the shape of the blood pressure (BP) waveform is deter-
ined by the interaction of the left ventricle with the
rterial system. The factors responsible for the precise
orphology of the waveform are debated (1), but it is
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010, accepted March 18, 2010.enerally accepted that wave reflection accounts for many
eatures of the pressure and flow waveforms (2).
Reflection of waves from distal sites of impedance mis-
atching has been proposed to account for the augmenta-
ion in pressure typically seen in older individuals in early
id-systole (3) and may impose an additional load on the
eft ventricle (4). It has also been proposed that wave
eflection assessed by augmentation index may be an inde-
endent predictor of cardiovascular events (5); however,
ugmentation index is not simply a measure of wave
eflection being influenced by other factors such as heart
ate, height and pulse wave velocity (6), and assessment of
ave reflection is probably best performed by wave separa-
ion based on measurement of pressure and flow (2,7). In
his study, we used wave intensity analysis, a time-domain
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June 29, 2010:24–30 Wave Reflection and Cardiovascular Events in ASCOTpproach based on the method of characteristics (8) that
nalyses waves in terms of the propagation of discrete
ave fronts and can be used to separate waves into
orward and backward components.
The ASCOT (Anglo Scandinavian Cardiac Outcomes
rial) was a multicenter, prospective, randomized controlled
rial in 19,257 patients with hypertension. The results of
SCOT showed that randomization to an amlodipine-
ased regimen prevented more major cardiovascular events
han an atenolol-based regimen (9). Interestingly, random-
zation to the amlodipine-based regimen was associated
ith lower central systolic BP and reduced wave reflection
10,11), and it has been speculated that a reduction in wave
eflection might have contributed to the relative benefit of
he amlodipine-based regimen on cardiovascular events.
Therefore, we investigated whether wave reflection as-
essed by wave separation using wave intensity analysis
redicted future cardiovascular events independently of
ther cardiovascular risk factors in 259 individuals with
ypertension in a substudy of the ASCOT. We also
nvestigated whether increased wave reflection was associ-
ted with indicators of increased ventricular load in the same
ndividuals.
ethods
ubjects. Subject recruitment has been described in detail
reviously (11). In brief, 259 individuals took part in a
arotid wave intensity substudy at St Mary’s Hospital,
ondon, United Kingdom. All subjects were participants in
he main ASCOT study (9) and were randomized to
ntihypertensive treatment with amlodipine ( perindopril
dded as required), or atenolol ( bendroflumethiazide-K
dded as required). Patients were also randomized to receive
torvastatin 10 mg daily or matching placebo in the factorial
ipid-lowering arm of ASCOT if they had a total blood
holesterol concentration 6.5 mmol/l and were not taking
lipid-lowering agent at the time of randomization. Anti-
ypertensive treatment was titrated to achieve target bra-
hial BP (140/90 mm Hg for people without diabetes and
130/80 mm Hg for people with diabetes). The cardiovas-
ular end point used in this substudy was pre-specified in
he ASCOT protocol and included cardiovascular disease
ortality, nonfatal myocardial infarction, angina, revascu-
arization procedures, life-threatening arrhythmias, nonfatal
eart failure, nonfatal stroke, and peripheral arterial disease.
SCOT was registered as a clinical trial with the European
nion Drug Regulating Authorities Clinical Trials (EudraCT
008-007494-20). The substudy was approved by the St.
ary’s Hospital Local Research Ethics Committee, and all
ubjects gave written informed consent.
All measurements for this substudy were performed
etween 12 and 18 months after randomization; details of
easurement and analysis have been reported in previous
ublications (11,12). Carotid wave speed, which is inversely
roportional to the square root of carotid arterial distensi-ility, was calculated from the
ressure–velocity relationship as
reviously described (11,13).
ave reflection was assessed
rincipally using the wave reflec-
ion index (WRI). WRI was cal-
ulated as the sum of the cumu-
ative wave intensity of the
eflected compression waves
rom the head and body (Fig. 1)
nd expressed as percentage of
he cumulative intensity of the
nitial systolic (S) wave generated
y left ventricular ejection. In
ractice, a WRI10% is consid-
red to be below the limit of
etection (11), although for the
urposes of correlation, WRI
10% were included in analyses.
n addition, other measures of wave reflection used in the
iterature were calculated (Fig. 1): the ratio of peak back-
Figure 1 Calculation of Waveform Indexes
Illustrative carotid artery pressure waveform separated into forward and back-
ward pressure (upper panel) and the forward and backward wave intensities
(lower panel) showing how wave reflection index (WRI), peak backward to peak
forward pressure (Pb/Pf), and carotid augmentation index (cAIx) were calcu-
lated. c1  forward compression wave; c

1  backward compression wave;
D  forward decompression wave; DBP  diastolic blood pressure; PAug 
augmentation pressure; S  S-wave; SBP  systolic blood pressure; Ti  time
of inflection or shoulder.
Abbreviations
and Acronyms
BNP  B-type natriuretic
peptide
BP  blood pressure
cAIx  carotid
augmentation index
CRP  C-reactive protein
LVM  left ventricular
mass
LVMI  left ventricular
mass index
Pb/Pf  peak backward to
peak forward pressure
SAA  serum amyloid A
WRI  wave reflection
index
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Wave Reflection and Cardiovascular Events in ASCOT June 29, 2010:24–30ard to peak forward pressure (Pb/Pf) after wave separation
nd subtraction of diastolic pressure (14); and carotid artery
ugmentation index (cAIx), the pressure difference between
rst shoulder of the pressure waveform and the systolic peak
xpressed as a percentage of the pulse pressure. The timings
f the reflected wave (c1), the backward pressure (Pb), and
he first systolic inflection or shoulder (Ti) were also
easured.
Left ventricular mass (LVM) was calculated according to
he recommendations of the American Society of Echocar-
iography (15) using the formula:
LVM 0.8 [1.04 (IVSdLVIDdPWTd)3 (LVIDd)3 0.6 g
here IVSd  interventricular septal thickness in diastole,
VIDd  left ventricular diameter in diastole, PWTd 
osterior wall thickness in diastole, and LVM was divided
y body surface area to give left ventricular mass index
LVMI).
Plasma glucose and serum total cholesterol were mea-
ured using standard enzymatic methods on a Roche/
itachi 921 (Roche Diagnostics, Basel, Switzerland) auto-
ated analyzer. B-type natriuretic peptide (BNP) was
easured using an ADVIA Centaur BNP assay (Bayer
iagnostics, Newbury, United Kingdom), a validated 2-site
andwich immunoassay that uses 2 monoclonal antibodies
nd measures only the physiologically active BNP (77–108)
olecule. C-reactive protein (CRP) and serum amyloid A
SAA) were measured on a Dade Behring Nephelometer II
Dade Behring Diagnostic, Marburg, Germany) as previ-
usly described (16).
tatistics. Statistical analysis was performed using Stata/IC
versions 10.1 and 11.0, Stata Corp., College Station,
exas). Continuous variables are reported as mean (standard
eviation), or median (interquartile range) for skewed data.
kewed data were log transformed prior to analysis with
ddition of a constant if necessary. Analysis of bivariate
ssociation between variables was performed by Pearson’s or
pearman’s rank correlation and compared using the Stata
rocedure, corcor, for dependent correlation coefficients
17). Univariate and multivariate hazard ratios with 95%
onfidence intervals were estimated by Cox regression
nalysis using Breslow’s method for ties. Graphing and
esting of Schoenfeld residuals was used to examine the
roportional-hazards assumption. We chose predictors for
ox regression on the basis of the well-established cardio-
ascular risk factors in the Framingham risk score, with the
dditional inclusion of measures of wave reflection, 2
ovel biomarkers (CRP and BNP), and 2 predictors
elevant for central BP: central systolic pressure and
entral pulse pressure. Only predictors with statistically
ignificant univariate hazard ratios were included in the
ultivariate Cox regression model. Multivariate linear
egression analysis with forced entry of covariates into the
odel was used to examine relationships between WRI gnd measures of left ventricular structure and function
LVMI and BNP).
esults
elationship between measures of wave reflection. The 3
ndicators of magnitude of wave reflection were correlated
ne with another (Fig. 2, Table 1). Correlation was closest
etween log WRI and Pb/Pf, and log WRI and cAIx; the
orrelation between Pb/Pf and cAIx, although significant,
as significantly less close than the former correlations (p
.006), The timing of the backward wave, c1, was closely
orrelated with the time of Pb, but significantly correlated
ess closely with Ti (p  0.001). The correlation between
he time of Pb and Ti did not achieve statistical significance.
he magnitude of reflection assessed by either WRI or
b/Pf was unrelated to timing of reflection indexes, but cAIx
as inversely correlated with Ti and positively correlated
ith the time of backward wave and the time of Pb,
lthough the latter relationship did not quite achieve statis-
ical significance (Table 1).
ave reflection as a predictor of cardiovascular events.
he patient characteristics at the time of the study are
hown in Table 2. There were a total of 33 events over the
.8-year period of follow-up (5 cases of fatal cardiovascular
isease, 3 cases of nonfatal myocardial infarction, 8 cases of
ngina, 8 revascularization procedures, 1 life-threatening
rrhythmia, 6 cases of nonfatal stroke, and 2 cases of
eripheral arterial disease). Hazard ratios were determined
n simple Cox regression models (Table 3). In univariate
ox models, the only significant predictors were WRI,
iastolic BP, and carotid pulse pressure. Neither Pb/Pf, nor
AIx significantly predicted events. Subdividing WRI into
ertiles showed a similar relationship with significant trend
or increased risk of cardiovascular events with increasing
RI (p for trend  0.03). WRI remained a significant
redictor of events in a multivariate Cox model (Table 3).
djustment for other factors (age, sex, heart rate, fasting
lucose, BNP, CRP, carotid intima-media thickness, or
ntihypertensive randomization) also did not significantly
nfluence the hazard ratio for WRI, and there was no
ignificant correlation between measures of wave reflection
nd the markers of inflammation, CRP, or SAA (data not
hown).
ave reflection and left ventricular measures, LVMI,
nd BNP. We have previously reported that increased
arotid systolic blood pressure is associated with increased
VMI in this cohort (11). It is believed that wave reflection
laces an additional load on the left ventricle, so we
xamined whether the various measures of increased wave
eflection were associated with increased LVM and elevated
NP levels. In regression models adjusted for age and sex,
ncreased WRI was significantly positively associated with
ncreased LVMI and log BNP (Table 4). Relationships
etween Pb/Pf and cAIx and these ventricular measures were
enerally weaker and did not achieve statistical significance
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June 29, 2010:24–30 Wave Reflection and Cardiovascular Events in ASCOTor LVMI (Table 4). Carotid wave speed was significantly
ositively associated with BNP in an age- and sex-adjusted
odel (Table 4), but this association was no longer statis-
ically significant after adjustment for multiple cardiovascu-
ar risk factors. There was no significant association between
VMI and wave speed in either age and sex or fully adjusted
odels.
iscussion
his study has shown that wave reflection is a predictor of
Figure 2 Relationships Between
Various Measures of Wave Reflection
cAIx, Pb/Pf, and WRI. Pearson’s correlation coefficient, r, and p value are shown.
Abbreviations as in Figure 1.ardiovascular events in well-controlled hypertensive indi- tiduals participating in ASCOT. This relationship was
ndependent of BP, and increased wave reflection was
ssociated with increased LVM and elevated levels of
lasma BNP.
WRI is calculated from the integral of the wave intensity,
measure of wave power, of separated forward and back-
ard waves in the carotid artery. The integral of wave
ntensity is a measure of the energy per unit cross-sectional
rea carried by a wave, and the ratio of reflected wave energy
o the energy of the incident wave generated by ventricular
jection provides a logical and straightforward measure of
ave reflection in the circulation. WRI was correlated with
ther surrogates of wave reflection, Pb/Pf and AIx, but
either of these indexes significantly predicted cardiovascu-
ar events. On theoretical grounds, and on the basis of the
loser association between WRI and LVMI and BNP,
e believe that WRI may provide a better measure of wave
eflection than Pb/Pf or cAIx, although cAIx has the
dvantage that it can be measured from the pressure
aveform alone.
As far as we are aware, all previous studies have employed
ugmentation index measured from radial, carotid, or aortic
aveforms as an index of wave reflection. These have
rovided inconsistent findings regarding the ability of aug-
entation index to predict cardiovascular events. London et
l. (18) reported in 188 patients with end stage renal failure
hat cAIx independently predicted future cardiovascular
vents over 52 months of follow-up. Weber et al. (19)
eported that central augmentation index, estimated using a
ransfer function applied to noninvasive radial pressure
aveforms and adjusted to a standardized heart rate of 75
eats, also independently predicted cardiovascular events
ver 12 months of follow-up in 262 individuals following
ercutaneous coronary interventions. Chirinos et al. (20)
eported that aortic augmentation index measured invasively
n 297 men undergoing coronary artery angiography was an
ndependent predictor of subsequent cardiovascular events.
illiams et al. (10) reported that augmentation index
erived from radial tonometry using a transfer function was
significant predictor of composite cardiovascular and renal
vents in a secondary analysis of the CAFÉ (Conduit Artery
ndpoints) substudy, although statistical significance was
ost when the data were adjusted for age and baseline risk
actors. In contrast, in a substudy of the ANBP2 (Australian
lood Pressure) trial, Dart et al. (21) reported that that
ugmentation index estimated from a transfer function
pplied to radial tonometry data did not significantly predict
ardiovascular events in 484 hypertensive women over the
ge of 65 years, although brachial systolic and pulse pressure
id. Covic et al. (22) also found no relationship between
adial-derived augmentation index and all-cause mortality
n a relatively small study of patients with chronic kidney
isease followed up for 61 months. These inconsistencies
ay be attributable to a number of factors, including the
mall size of some studies, methodological differences, or
ypes of patients recruited. Since augmentation index is an
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Wave Reflection and Cardiovascular Events in ASCOT June 29, 2010:24–30ndirect measure of wave reflection, being influenced by
ulse wave velocity and ventricular ejection patterns, and
an be difficult to measure due to ambiguity in the inflection
oint or shoulder in some individuals, it is also possible that
hese limitations may have obscured relationships between
ave reflection and risk in some previous studies.
Wave reflection has attracted increasing attention as it is
oth an indicator of defective energy transfer in the circu-
ation and a mechanism that can result in excessive and
nproductive work of the contracting ventricle during ejec-
ion (23). Hashimoto et al. (24) recently reported that the
eduction in magnitude of wave reflection correlated with
eduction in LVM following antihypertensive treatment,
onsistent with our observed association between wave
Correlation Matrix Showing Inter-RelationshipsBetween Measures of Reflection and Their TimiTable 1 Cor lation Matrix Showing Inter-ReBetween Measures of Reflection an
Log WRI Pb/Pf
Pb/Pf 0.55 (0.001)
cAIx 0.38 (0.001) 0.16 (0.01)
Time of c1 0.01 (0.9) 0.08 (0.2)
Time of Pb 0.06 (0.3) 0.05 (0.4)
Ti 0.03 (0.7) 0.00 (0.9)
Data are Pearson’s correlation coefficient, r, with (p value).
cAIx  carotid artery augmentation index; c

1  reflected wave; Pb
pressure; Ti  time of shoulder; WRI  wave reflection index.
Patient Characteristics at the Time of the StudyTable 2 Patient Characteristics at the Time
All
(n  259)
Age, yrs 63.9 (7.4)
Male sex 221 [85]
BMI, kg/m 28.1 (4.0)
SBP, mm Hg 142 (14)
DBP, mm Hg 81 (8)
HR, beats/min 61 (12)
cSBP, mm Hg 130 (16)
LVMI, g/m† 115 (26)
IMT, mm 0.83 (0.18)
Total cholesterol, mmol/l 4.9 (1.2)
HDL cholesterol, mmol/l* 1.2 (0.5)
Triglycerides, mmol/l* 1.2 (0.8)
Fasting glucose, mmol/l 6.2 (2.0)
Creatinine, mol/l 102 (16)
BNP, pmol/l* 27 (33)
CRP, mg/l* 1.29 (2.18)
SAA, mg/l* 2.6 (2.5)
WRI, %* 19.6 (12.3)
Pb/Pf 0.49 (0.15)
cAIx, % 23.8 (11.6)
Type 2 diabetes 56 [22]
Left ventricular hypertrophy 48 [19]
Current smoker 57 [22]
Data are mean (SD), *median (IQR) for continuous variables, or n [%
without events weremade using a Student t test or aWilcoxon rank tes
variables.
BMI bodymass index; BNP B-type natriuretic peptide; CRP C-r
pressure; HDL  high-density lipoprotein; HR  heart rate; IMT  common
SAA  serum amyloid A; SBP  systolic blood pressure; other abbreviationseflection and LVMI and BNP. Reflected waves arise at
ites of admittance mismatching and can be backward
ompression waves (associated with a rise in pressure and a
eduction of flow) or backward decompression waves (asso-
iated with a fall in pressure and an increase in flow). The
rincipal reflected waves seen in this study in the carotid
rtery were of the compression type and would increase
ortic pressure and reduce aortic flow. The mismatch
f admittance that gives rise to reflected compression waves
rises from either a reduction in net cross-sectional area of
blood vessel, typically at a bifurcation, or a reduction in its
istensibility or the net distensibility of its branches. Vaso-
onstriction (4) and vascular disease, including endothelial
ysfunction (25) can cause increased wave reflection from
nships
eir Timings
cAIx Time of c

1 Time of Pb
0.18 (0.001)
0.2 (0.001) 0.82 (0.001)
0.26 (0.001) 0.17 (0.01) 0.12 (0.06)
backward pressure; Pb/Pf  ratio of peak backward to peak forward
e Study
No Event
(n  226)
Event
(n  33) p Value
63.5 (7.5) 66.1 (5.8) 0.02
190 [84] 31 [94] 0.1
28.2 (4.09) 27.4 (3.5) 0.9
142 (14) 143 (16) 0.6
81 (8) 80 (7) 0.4
62 (12) 60 (11) 0.3
130 (15) 133 (18) 0.2
115 (26) 116 (32) 0.8
0.83 (0.18) 0.86 (0.19) 0.5
4.9 (1.2) 4.7 (1.1) 0.3
1.2 (0.6) 1.2 (0.5) 0.7
1.2 (0.8) 1.3 (0.8) 0.3
6.2 (2.0) 6.0 (2.1) 0.7
102 (17) 102 (16) 0.9
26 (30) 37 (36) 0.06
1.28 (2.17) 1.47 (2.35) 0.6
2.5 (2.5) 2.95 (3.15) 0.5
19.0 (12.3) 21.6 (15.6) 0.03
0.49 (0.15) 0.53 (0.17) 0.1
23.9 (11.5) 23.8 (12.3) 0.9
46 [20] 10 [30] 0.2
44 [19] 4 [12] 0.3
47 [21] 10 [30] 0.2
tegorical variables. Statistical comparisons between those with and
ropriate, for continuous variables and a chi-square test for categorical
protein; cSBP central systolic blood pressure; DBP diastolic bloodngslatio
d Th
of th
] for ca
t, as app
eactive
carotid intima-media thickness; LVMI  left ventricular mass index;
as in Table 1.
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June 29, 2010:24–30 Wave Reflection and Cardiovascular Events in ASCOTifurcations. Previous studies have shown that antihyper-
ensive drugs have differential effects on wave reflection
10,26). Whether the relationship between wave reflection
nd subsequent events is simply a direct consequence of its
ffect on the ventricle and coronary perfusion, or is also an
ndicator of high levels of vasoconstrictor tone or endothe-
ial dysfunction, cannot be established by this study. A
ecent study has reported a close inverse association between
eart rate and central systolic BP or augmentation index
27). In our study, heart rate and WRI were inversely
orrelated (r  0.189; p  0.02), but heart rate did not
ccount for the ability of WRI to predict cardiovascular
vents. The inverse relationship between heart rate and
ugmentation index has been reported to be influenced by
ulse wave velocity, being steeper in those with higher pulse
ave velocity (28); the extent to which this interaction may
nfluence our findings is unclear, although most participants
ould be expected to have high pulse wave velocity by virtue
f their age and elevated BP. In our study, the inverse
elationship between WRI and heart rate appeared to be
rincipally due to a reduction in reflection, since there was
significant inverse relationship between heart rate and the
nivariate and Multivariate Cox Regressionodels of Predictors of Cardi vascular EventsTable 3 Un variate and Multivariate Cox RegressionModels of Predictors of Cardiovascular Events
Hazard Ratio 95% CI p Value
Univariate predictors
Log WRI 2.10 (1.10–3.99) 0.02
Pb/Pf 4.50 (0.60–33.78) 0.1
cAIx 1.01 (0.98–1.04) 0.5
Age, yrs 1.05 (1.00–1.10) 0.07
Female sex 0.36 (0.09–1.49) 0.2
Baseline SBP, mm Hg 1.01 (0.99–1.03) 0.2
Baseline DBP, mm Hg 0.99 (0.95–1.03) 0.6
Study SBP, mm Hg 0.97 (0.95–1.00) 0.1
Study DBP, mm Hg 0.94 (0.89–0.98) 0.003
Heart rate, beats/min 0.99 (0.96–1.02) 0.5
Carotid SBP, mm Hg 1.01 (0.99–1.03) 0.2
Carotid PP, mm Hg 1.02 (1.00–1.04) 0.04
Baseline total cholesterol, mmol/l 1.12 (0.81–1.53) 0.5
Study total cholesterol, mmol/l 0.83 (0.60–1.14) 0.2
Diabetes 1.68 (0.80–3.53) 0.2
Current smoker 1.55 (0.74–3.27) 0.2
ECG LVH 2.29 (0.54–9.65) 0.3
Baseline log HDL, mmol/l 0.71 (0.20–2.50) 0.6
Study log HDL, mmol/l 0.58 (0.17–2.03) 0.4
Log BNP, ng/l 1.46 (0.99–2.16) 0.06
Log CRP, mg/l 1.17 (0.85–1.61) 0.3
Multivariate model
Log WRI 2.17 (1.08–4.37) 0.03
DBP, mm Hg 0.94 (0.90–0.98) 0.01
Carotid PP, mm Hg 1.01 (0.99–1.03) 0.2
he final multivariate Cox proportional hazards regression model was adjusted for all covariates
hown and the adjusted hazard ratio (95% confidence interval) and p value are given. The
omposite outcome variable was all cardiovascular events and procedures.
CI  confidence interval; LVH  left ventricular hypertrophy; PP  pulse pressure; other
bbreviations as in Tables 1 and 2.nergy of reflected waves (r0.13; p 0.03). In contrast,
Che relationship between heart rate and energy carried by the
ardiac S-wave was not significant (r  0.03; p  0.6).
Elevated CRP, an indicator of inflammation, has also
een reported to be associated with increased pulse wave
elocity, but not augmentation index in previous studies
29,30). We also found no significant relationships between
he measures of inflammation, CRP or SAA, and indexes of
ave reflection in this study, and adjustment for CRP or
AA in a multivariate Cox model did not substantially affect
he relationship between WRI and events.
tudy limitations. There were relatively few cardiovascular
vents, and therefore the statistical power and the scope for
ultivariate adjustment in the Cox regression models was
imited. This may account for our failure to observe signif-
cant relationships between Pb/Pf or AIx and outcomes. A
omposite cardiovascular end point was used and, conse-
uently, relationships between specific cardiovascular events
nd wave reflection cannot be ascertained. The study pop-
lation was hypertensive and predominantly male, and so
he study findings may not apply to normotensive individ-
als or women.
onclusions
he study’s strengths include the use of a methodology,
ave intensity analysis, that clearly distinguishes forward
nd backward waves allowing reflection to be accurately
uantified, and the use of an extensively studied cohort of
articipants whose BP was relatively well controlled in the
etting of a prospective randomized clinical trial. Since
ultivariate Linear Regression Analysis of theelationship Between M asures of Wave Reflectionnd Measures of L ft Ventricular StructureFu ction
Table 4
Multivariate Linear Regression Analysis of the
Relationship Between Measures of Wave Reflection
and Measures of Left Ventricular Structure
and Function
Beta
Coefficient SE p Value
Model to predict LVMI
Log WRI* 6.6 3.2 0.04
Log WRI† (fully adjusted) 7.3 3.3 0.03
Pb/Pf* 10.0 8.9 0.3
Pb/Pf† (fully adjusted) 14.7 10.7 0.2
cAIx* 0.1 0.1 0.4
cAIx† (fully adjusted) 0.2 0.2 0.2
Carotid wavespeed* 0.8 0.5 0.1
Carotid wavespeed† (fully adjusted) 0.7 0.5 0.2
Model to predict BNP
Log WRI* 0.30 0.10 0.003
Log WRI† (fully adjusted) 0.29 0.10 0.006
Pb/Pf* 0.59 0.28 0.04
Pb/Pf† (fully adjusted) 0.58 0.34 0.09
cAIx* 0.01 0.00 0.03
cAIx† (fully adjusted) 0.01 0.00 0.07
Carotid wave speed* 0.03 0.01 0.01
Carotid wave speed† (fully adjusted) 0.02 0.02 0.4
ata are adjusted for *age and sex, or †age, sex, mean arterial pressure, creatinine, total
holesterol, left ventricular hypertrophy, diabetes, smoking status, body mass index, heart rate,
-reactive protein, and antihypertensive randomization.
Abbreviations as in Tables 1 and 2.
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Wave Reflection and Cardiovascular Events in ASCOT June 29, 2010:24–30easurement of wave intensity can be undertaken using
oninvasive techniques (31,32), it could be a valuable tool in
variety of mechanistic studies and clinical trials. In
ummary, elevated wave reflection is associated with evi-
ence of elevated ventricular workload and is also associated
ith increased risk of cardiovascular events in people with
ell-controlled hypertension independent of other risk fac-
ors. These observations reinforce previous suggestions that
eduction of wave reflection may be a valuable therapeutic
oal in hypertension.
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